Introduction
Over the past four decades or so, advances in satellite remote sensing technology have resulted in the development of a wide variety of sensors and platforms of Earth observation. Flying at altitudes from a few hundred to a few thousand kilometers above the planet's surface, these sensors generate their data by absorbing the radiation reflected or emitted by the planet in their direction. Passive sensors rely on external sources of radiation (typically the Sun for visible and nearinfrared measurements, or the Earth itself for thermal emission), while active sensors (e.g., synthetic aperture radars) embark their own sources of electromagnetic radiation. The latter will not be discussed further in this paper. In all cases the extraction of useful information from the raw data hinges on the availability of reliable and accurate models describing how these radiation fields interact with the targets of interest (and with other media that may not be of direct interest, such as atmospheric constituents in the case of surface studies) as well as with the observing instrument itself.
By necessity the process of information extraction relies on the analysis of the variability of the measurements with respect to independent variables, which describe how the data are acquired [ It is now generally recognized that all natural and man-made surfaces reflect solar light differently in different directions. The Sun glint on water surfaces and the hot spot observable over terrestrial surfaces are some of the best known examples of anisotropy in the visible spectral domain. As a matter of fact, the production of truly isotropic scattering surfaces, for instance to serve as reference panels, remains a significant industrial challenge.
The description and quantitative characterization of the anisotropic reflectance of material objects has a long history, firmly rooted in astronomy and astrophysics. Galilei [1610] was probably the first to correctly explain why the Moon appears brighter during its opposition phase than at any other time. suggested an intrinsic relation between the structure of the observed geophysical system and its anisotropy: the latter is thus also varying in time for dynamically evolving systems.
In fact, it has proven very difficult to design an isotropic surface, i.e., one that scatters radiation equally in all directions, even within the controlled environment of a laboratory. Indeed, the smoother one makes such a surface, the more specular the reflectance tends to be. On the contrary, the rougher the surface, the stronger the hot spot or opposition effect. Plain paper and barium sulfate powders have been used as approximations of isotropic white surfaces. More recently, Spectralon, a registered product of Labsphere, has been used to create solid panels that can be used in the field or embarked on space platforms to help in the calibration of instruments, such as MISR and MERIS. In any case, even this versatile material is not perfectly Lambertian [e.g., Flasse et al., 1993].
These findings have various major implications: First, these anisotropic effects should be accounted for explicitly in the analysis and interpretation of remote sensing measurements derived from imaging sensors operating in the solar spectral domain, especially when a certain degree of accuracy or reliability is required. Second, since the interaction of light with geophysical media results in the generation of anisotropic reflectance fields, the observed angular variations may be used to characterize this interaction, provided (1) suitable models are available to explain how anisotropy results from the elementary scattering processes and (2) suitable inversion procedures are available to exploit this opportunity. Third, the classical turbid medium models of radiation transfer, as developed and used by astrophysicists and atmospheric scientists, for instance, are inadequate to account for these effects [Pinty and Verstraete, 1998] because they are based on the so-called "far field approximation," which is not verified when the linear dimension of the scatterers (such as plant leaves and branches) are of the same order of magnitude or larger than the wavelength of the radiation. Under these circumstances the reflectance field exhibits specific features such as the hot spot or opposition effect, and more complex models must be designed to account for these effects. . Even meteorologists and climatologists interested primarily in the transfer of radiation in the atmosphere will benefit from specifying an accurate lower boundary condition, because of the multiple scattering of radiation between the atmosphere and the surface. The potential benefits of exploiting the anisotropy of the reflectance field in remote sensing applications were further discussed by Diner et al. [1999] .
From a practical point of view, the acquisition of simultaneous multiangle measurements from a given target provides significant additional constraints (with respect to the spectral dimension of the data set, for instance) on the inversion procedure. The latter, in turn, may then yield a more reliable estimate of the values of state variables characterizing the observed media. More precisely, these additional constraints lead to a reduction of the uncertainty with which these state variables are estimated: Since inverse problems are often illconditioned, the procedure often leads to the identification of multiple possible solutions. Hence the availability of additional constraints results in a very useful pruning of the solution set. More importantly, the proper analysis of these data may lead to a characterization of the structure of the target, thus yielding information that cannot be derived by other means. Multiangular data sets at critical wavelengths are thus highly desirable to characterize the geophysical media of interest. The two key ingredients required to fully exploit such data sets, when they exist, are (1) tools to model accurately enough the transfer of radiation within the atmosphere and the surface layers, as well as to represent the anisotropic radiation fields present at the relevant geophysical interfaces, and (2) techniques to efficiently invert these models in an operational context.
IWMMM-2 Conference
The 
Theme 1: Simulations, Inversions, and Model Intercomparisons
Extensive research and development on the simulation of the anisotropy of land surfaces and the overlying atmosphere took place over the past decades. Modeling the bidirectional reflectance factor (BRF) of terrestrial targets and the techniques of inversion of such models against multiangular data sets have progressed significantly, in part thanks to the stimulation provided by current or upcoming availability of laboratory and field campaigns, as well as airborne and spaceborne missions permitting the acquisition of multiangular data. A number of models have already been proposed in the literature; they do not need to be discussed or summarized again. However, a few new developments were presented at the conference, as can be seen from the papers by Lyapustin These various observational systems do provide complementary information and ultimately help, jointly, in the full interpretation of remote sensing data. They will stimulate and motivate the modelers in their efforts to provide better tools and techniques of Earth observation and the joint efforts of the remote sensing community to generate more reliable and accurate products.
Theme 3: Multiangular Applications
The third theme addressed in this meeting had to do with the demonstration of the practical usefulness of multiangular observations in remote sensing. Although the researchers working in this field have long been convinced of the necessity to acquire and analyze multiangular data to take full advantage of remote sensing products (in the optical as well as in the thermal spectral domains), this community has not been sufficiently forceful or convincing to promote its findings among the providers of remote sensing data (in terms of designing multiangular sensors earlier) or the users of such products (in terms of systematically addressing these issues as part of their processing).
Why does the exploitation of the anisotropy of the radiation fields remain confined to what may appear as a small group of purists, when the analysis of the spectral, spatial, or temporal variations in the signals seems so obvious? Elements of response include (1) historical and technological developments (it is worth remembering that remote sensing is rooted in the visual interpretation of photographic images), (2) the unavailability of simultaneous multiangular measurements for decades during which detailed spectral and spatial measurements were acquired, (3) a lack of awareness, outside the inner circle of specialists, of the actual importance of anisotropic effects on the measurements, or the mistaken belief that these effects can be neglected, (4) the relatively greater complexity of the underlying theories, or (5) the lack, until a few years ago, of a wide panoply of tools, both models and inversion procedures, usable in practical applications. Through the various presentations made during the meeting, it became clear that the two main advantages to be derived from the analysis of multiangular data are (1) products similar to those already available but of much higher accuracy and reliability and (2) new products that cannot be derived in any other way, for instance, on the structure of surface targets. These findings, in turn, justify a posteriori the limited investments already made in this field and the need for further efforts to now take full advantage of these incipient theoretical and observational capabilities.
Although the accumulation of monodirectional observations over a long period of time does allow a documentation of anisotropic effects, such an approach is impractical, unreliable or impossible to implement for the routine analysis of remote sensing data, because of the varying atmospheric conditions as well as the intrinsic evolution of the surface over these periods. Hence the necessity to acquire multidirectional data quasisimultaneously has been amply demonstrated.
Conclusion
In summary, great advances have been achieved during the past decades in the simulation of radiation transfer processes, both in the atmosphere and in the geophysical media that constitute terrestrial surfaces (vegetation and soils). More recently, geographically extensive data sets of high-quality multispectral and multidirectional data have become accessible, at spatial resolutions hitherto unavailable. These multiangular data permit a much more reliable and accurate estimation of the BRF fields at the land surface and of the products derived from these quantities, since they provide a much more severe constraint on the inversion process, especially with regards to accounting for atmospheric processes. These developments, in turn, allow the joint characterization of both the surface and the atmosphere at once.
As a result, concrete steps toward bridging the gap between theoretical studies of the anisotropy and practical applications to exploit these features are one of the major recent achievements of the remote sensing community. Last but not least, since both multiangular data and anisotropy models and research algorithms do now exist, the bottlenecks in the exploitation of these data reside in the operational implementation of these research tools and in the systematic processing of the very large data sets being generated. It is expected that current and near-future advances and achievements will both justify a posteriori the intellectual and material investments, which have been made in this area over the last couple of decades, and promote the development and systematic exploitation of both spectral and directional signatures in future instruments. These findings should thus affect the design of sensors as well as ground segments for years to come. The IWMMM-2 conference provided an excellent opportunity to take stock of recent advances and plan scientific and institutional activities for the future.
The papers contained in this special section, together with those included in the special issue of Remote Sensing Reviews, provide a broad introduction to the scientific issues related to the anisotropy of the reflected solar radiation fields and describe the state of the art in some aspects of these questions. It is hoped that they will prove a useful stepping stone for future developments. Last but not least, a set of recommendations was adopted and has already been published [Verstraete and Pinty, 2000a] . They are also available directly from the ENAM-ORS web site at http://www.enamors.org/.
